This study reports the radiation-chemical yields for DNA single-strand breaks (SSBs) in crystals of CGCACG: CGTGCG (I) and CACGCG:CGCGTG (II) duplexes induced by direct ionization using X rays. The DNA fragmentation products, consisting of 3-and 5-phosphate-terminated fragments, were quantified by ion-exchange chromatography using a set of reference compounds. The yields of single-strand breaks in I and II are 0.16 ؎ 0.03 mol/J and 0.07 ؎ 0.02 mol/J, respectively. The probability of cleavage at a given site is relatively independent of which of the four bases is at that site. For the very small sample of base sequences studied to date, there is no obvious dependence on base sequence. However, there appears to be an increased frequency of strand breaks at the non-phosphorylated termini of the oligodeoxynucleotides. These results show that direct ionization is efficient at producing single-strand breaks in DNA and that its action is relatively indiscriminate with respect to base sequence. ᭧
INTRODUCTION
It has been known for some time that there are two different pathways by which ionizing radiation damages DNA, direct-type and indirect-type (1) . It is primarily reactions of the products of water radiolysis with DNA that make up the indirect-type pathway. Much is known about this pathway, from both the mechanistic and qualitative standpoints. In particular, the propensity of indirect-type damage for causing single-strand breaks (SSBs) in DNA has been studied extensively (2) (3) (4) . Direct-type damage to DNA is caused by the direct interaction of ionizing radiation with the bases or sugar-phosphate backbone of the DNA or by holes and dry electrons transferred to the DNA from the hydration waters surrounding the DNA (5-7). The direct pathway is particularly important in cells, where the amount of unbound water surrounding DNA is relatively small. Work on cellular DNA has implicated direct-type damage as significant in causing strand breaks (8) . Recently we reported the yields of SSBs in crystals of two Z-form DNAs. An HPLC study on crystals of d(CGCG) 2 and d(CGCGCG) 2 duplexes, X-irradiated at 4 K and at room temperature, showed that the yield of SSBs is relatively insensitive to the irradiation temperature and is about 10% of the free radical yield measured at 4 K (9).
In the current study, we extended this approach to the non-palindromic crystalline d(CGCACG:CGTGCG) (I) and d(CACGCG:CGCGTG) (II); both duplexes are Z-form. Based on our previous results on unaltered base release from several DNA crystals, we hypothesized that the precursor for SSBs in directly ionized DNA is the sugar radical cation, which rapidly undergoes deprotonation to give a neutral sugar radical. The latter process competes with hole transfer from the sugar to the DNA bases, the rates of these two reactions being comparable (10) . One question that needs addressed is to what extent this process depends on the local environment of the primary radical cation, and in particular on the base sequence. There is a possibility, for example, that guanine, being the most oxidizable DNA base, could ''quench'' the sugar radical cation more efficiently than the other bases (11) . The positive correlation between energetics and rates of electron transfer is valid, however, only for moderately exothermic processes (12) , while hole transfer from the sugar radical cation to any DNA base is expected to be highly favorable energetically. To test what the actual situation is in DNA, we extended our investigation to sequences containing a single AT base pair. The single adenine in these structures has no adjacent guanines. This should render the adenine site more susceptible to strand breakage if the rate of hole transfer is controlled by thermodynamics.
MATERIALS AND METHODS
Reference 3Ј-and 5Ј-phosphorylated oligodeoxynucleotides for each of the possible strand break products were purchased from Midland Certified Reagent and purified by ion-exchange chromatography. Crystals of CGCACG:CGTGCG (I) and CACGCG:CGCGTG (II) were grown from oligodeoxynucleotides purchased from Ransom Hill Bioscience (used 664 RAZSKAZOVSKIY, DEBIJE AND BERNHARD without further purification) following published procedures (13) . Both I and II are Z-form DNA. In the crystals, there are about 4.2 water molecules per nucleotide (14) . The base stacking is continuous; e.g., the hexamers sit on top of one another so that the base stacking distance between the hexamer ends is the same as the internal stacking distance.
Single crystal and polycrystalline samples were removed from the sitting drop by capturing in a quartz capillary. Then the excess mother liquor was removed by the application of fine paper wicks and the samples were transferred to thin-walled quartz capillaries (Charles Supper). The sample size, weighed to an accuracy of Ϯ1 g on a Cahn-60 microbalance, was typically around 200 g, with a range of 90-400 g. X irradiation was performed with a Varian/Eimac OEG-76H tungsten-target tube operated at 70 keV and 20 mA. For room-temperature irradiation, the capillaries were positioned at the face of the X-ray tube, and for 4 K irradiation, the capillaries were in a Janis Cryostat (15) . The dose rates were 26 kGy/h and 21.5 kGy/min, respectively. Most samples were irradiated at room temperature since our previous study had revealed only a minor influence of irradiation temperature on the yields (9) .
The irradiated samples were dissolved, under air, in a 20 mM phosphate buffer (50 l buffer per 100 g of crystals) containing 50 M of thymidine-5Ј-monophosphate (TMP) employed as an internal standard for purposes of quantification. The solutions were held at 70ЊC for 30 min to ensure the complete conversion of heat-labile lesions to strand breaks (9, 10) .
Samples were run on a Waters Alliance HPLC system equipped with a 2690 solvent delivery system and a 996 PDA detector. The products were separated on a Dionex DNAPac PA-100 4.6 mm ϫ 250-mm strong anion-exchange column at 60ЊC using 50 mM Tris (pH 10.22) as a mobile phase and applying a linear NaCl gradient (0.1-1 M NaCl over 40 min). The products were detected by their absorbance at 260 nm and were quantified by comparison with the standard containing reference oligonucleotides and TMP at known concentrations. The concentrations of reference oligonucleotides (in M) were calculated from the optical densities by using the conversion factors provided by Midland Certified Reagent Company.
RESULTS
Typical ion-exchange chromatograms of X-irradiated CGCACG:CGTGCG (I) and CACGCG:CGCGTG (II) are shown in Fig. 1A and B along with the reference chromatograms. It is concluded, through the comparison of the irradiated crystal and reference spectra, that all the major strand break products found in the crystal are present in the reference samples. These products are strand break fragments phosphorylated at either the 3Ј or 5Ј end. The production of other strand break species, i.e. not present in the reference sample, is minimal. In particular, there is no evidence of 3Ј-phosphoglycolates that are the products of C4Ј hydrogen abstraction from DNA in the presence of oxygen (16) . Dose-response plots for accumulation of DNA fragmentation products in I are shown in Fig. 2 . For the sake of clarity, the data sets corresponding to each product are shifted vertically by 5 M increments. As can be seen from the plots, dose saturation sets in above 500 kGy. Portions of the plots below 500 kGy were treated as linear dependences and were used to calculate the radiation-chemical yields. The yield of each DNA fragment was determined from the slope of the corresponding linear least-squares fit and is reported in Table 1 . The same yields are presented as bar graphs in Fig. 3 .
The same procedure was applied to analyze the products formed in II. The major difficulty faced with this sequence, however, is that not all of the products originating from the CACGCG strand could be resolved to permit separate quantification. For this reason, our analysis of this system was limited to the CGCGTG strand only. Radiation doses applied to this system did not exceed 400 kGy, and data for the entire dose range were analyzed as linear dependences as shown in Fig. 4 . The yields obtained from the slopes are reported in Table 2 and in bar graph form in Fig. 5 .
DISCUSSION

The Products
It is well known that, for DNA in aqueous solution, hydrogen-atom abstraction from any site of the deoxyribose moiety leads to the formation of free bases plus 3Ј-and 5Ј-phosphates (16) . We show here that, for solid-state DNA, the same relatively simple spectrum of major SSB products is also generated by direct ionization (9) . There is no evidence for the presence of 3Ј-phosphoglycolates among the products. Since 3Ј-phosphoglycolites are formed through the 4Ј-type chemistry in the presence of oxygen (16), their absence indicates either the lack of oxygen in the crystals or the lack of the 4Ј-sugar radicals among the products. The similarity of the DNA fragmentation pattern produced by direct ionization with that produced by hydrogen abstraction in aqueous solution strongly supports the hypothesis that direct ionization of DNA gives rise to a similar set of sugar radicals but in a different proportion. Such a set of neutral radicals is expected if sugar-phosphate radical cations deprotonate at rates that are comparable to, or faster than, competing reactions (such as hole transfer to the base stack). Direct ionization in the solid state also generates an equivalent number of electron adducts; these are located on the pyrimidine bases (17) and are known to be an insignificant source of strand breaks. This work therefore adds to the growing evidence that the primary precursor for direct-type strand breaks is ionization of the sugar-phosphate backbone.
A remarkable attribute of strand break accumulation in crystalline DNA is the resistance to dose saturation. In this study, we find no saturation in the production of any of the damage products in I or II up to doses of 500 kGy. It is known that electron-gain and electron-loss centers localized on DNA bases tend to saturate at much lower doses. On the other hand, the features attributed to the sugar radicals in EPR spectra are resistant to dose saturation (18) . This resistance is almost certainly the consequence of two complementary factors. One is that the neutral sugar radical has a small cross section for radiation destruction (because the initial positive charge has been distanced from the unpaired electron by irreversible proton transfer). The other is that the base stack is a strong electron scavenger and thereby protects the sugar radical from electron return. The obser- vation that both strand break products and sugar radicals share this remarkable attribute lends support to the conclusion that strand break products are derived from sugar radicals and not from base-centered radicals.
It is seen from Fig. 2 that the dose saturation of strand break products occurs between 400 kGy and 650 kGy. This is almost certainly a consequence of parent compound depletion. Using a strand break yield of 0.1 mol/J (see below), the fraction of oligomer strands that contain sugar damage after a dose of 500 kGy is ϳ10%. At this level of depletion, the slope of the dose-response curve should decrease and, at higher doses, turn negative. Figure 3 shows a bar graph of the product yields for I plotted as a function of the cleavage site. It is presumed that the sugar radical undergoes reactions that result in the release of two fragments, one with a 3Ј and the other with a 5Ј terminal phosphate. The average yields per damage site were calculated, as in our previous study, by averaging the yields of the 3Ј-and 5Ј-phosphates correlated with the damage site (9) . While this treatment tends to underestimate strand break yields, it is the best we can do under the current conditions. The same approach was applied to the G2  C5  C3  A4  A4  C5  G6  C3  G2  C1  NA  NA  NA  NA  NA   G2  C5  T3  G4  NA  NA  NA  NA  NA  NA  G4  C5, G2  G6  T3  C1 Note. Site numbering starts at the 5Ј end in each strand. a These two products are not resolved in ion-exchange chromatograms.
The Yields
product analysis generated from the CGCGTG strand in II, and the results are shown in Fig. 5 . There are two major conclusions that can be derived from these results. First, there is no obvious preference for the cleavage at A, T, C or G in either I or II. Therefore, the rate of hole transfer from the ionized sugar to the base is not controlled to any significant extent by the oxidation potential of the base. This can be explained by the high exothermicity of the process, independent of the base. Consistent with this, we observe that in duplex I the yield of SSBs for the d(CGCACG) strand is approximately equal to the yield of SSBs for the d(CGTGCG) strand (0.08 Ϯ 0.02 mol/J). The SSB yield found in II for the CTCGCG strand is somewhat lower, 0.033 Ϯ 0.01 mol/J. This makes the total yield of single-strand breaks in I and II around 0.16 Ϯ 0.03 mol/J and 0.07 Ϯ 0.02 mol/J, respectively. Given the accuracy of these measurements and the limited number of sequences studied, the significance of the difference between I and II is unclear.
Second, the earlier results obtained for the d(CGCG) 2 and d(CGCGCG) 2 crystals provided some evidence for the increased damage to the terminal sites in the strands (which do not carry terminal phosphates). This same effect appears to occur in I, but the picture is not clear for II because of the poorer resolution of product in the chromatograms. The increased damage to the terminal sugars may result from a Standard error at the 95% confidence level for all yields is about 0.001 mol/J except 0.002 mol/J for pGTG.
b The reported yield is half of the actual yield since half of this product is presumed to originate from damage to the opposite strand.
c This product is not resolved from pACGCG in ion-exchange chromatograms. The yield has been calculated under the assumption that products contribute equally to the measured peak area.
the fact that the 3Ј-and 5Ј-termini are not phosphorylated in either oligonucleotide and thereby may participate in reactions not available to the internal sugars. Specifically, the presence of free OH groups in the terminal sugar may alter the chemistry of the sugar radical cation, providing an additional channel for its deprotonation. Deprotonation at the OH group of the radical cation would result in a terminal alkoxy-radical (R-O • ), which can be converted further into a carbon-centered radical through hydrogen-atom abstraction or transfer. In particular, there is a possibility for the terminal 5Ј-alkoxy radical to abstract the 3Ј-hydrogen of the same deoxyribose ring through a five-membered transition state. The 3Ј-alkoxy radical could do the same to the 5Ј-hydrogens. Both processes could take place at low temperatures, thus increasing the fraction of sugar damage at the termini.
This study has demonstrated that the yield of strand breakage events is significant and consistent with the values obtained in the previous study using a different chromatographic technique (reverse phase as opposed to anion exchange). It is known from previous work that there is also a significant fraction of free radical damage trapped at the bases (19, 20) . Both of these direct-type lesions could play an important role in the formation of multiply damaged sites (MDS) (21, 22) , and the neglect of this type of damage in calculations could cause significant underestimation of the local severity of helical damage. For example, a directtype strand break situated within 10 bases of an indirecttype strand break could result in a biologically more damaging double-strand break (23, 24) . In these types of calculations, it is therefore important to include the yields and distribution of direct-type damage. Evidence for the formation of MDS through this mechanism in directly ionized DNA has been presented recently (25) .
CONCLUSIONS
The yield of direct-type strand breaks in crystalline I and II is not sequence-dependent but does show a tendency to preferential breakage at the termini at least in I. The total yield of strand breaks for these sequences ranges from 0.16 Ϯ 0.03 mol/J to 0.07 Ϯ 0.02 mol/J.
